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ABSTRACT
Most stars form in clusters where relatively close encounters with other stars are common and can leave
imprints on the orbital architecture of planetary systems. In this paper, we investigate the inclination
excitation of debris disk particles due to such stellar encounters. We derive an analytical expression
that describes inclination excitation in the hierarchical limit where the stellar flyby is distant. We then
obtain numerical results for the corresponding particle inclination distribution in the non-hierarchical
regime using a large ensemble of N-body simulations. For encounters with expected parameters, we
find that the bulk inclination of the disk particles remains low. However, a distinct high inclination
population is produced by prograde stellar encounters for particles with final pericenter distances
above 50AU. The maximum extent it of the inclination distribution scales with the inclination of the
encounter sin(is) for massive star flybys with low incoming velocity. The inclination distribution of
observed trans-Neptunian objects places constraints on the dynamical history of our Solar System.
For example, these results imply an upper limit on product of the number density n of the solar birth
cluster and the Sun’s residence time τ of the form nτ . 8× 104 Myr pc−3. Stronger constraints can
be derived with future observational surveys of the outer Solar System.
1. INTRODUCTION
Objects found in the outskirts of the Solar System,
beyond the orbit of Neptune, display interesting orbital
properties, and the formation of the observed Solar Sys-
tem architecture requires a theoretical explanation. In
particular, a growing number Trans-Neptunian objects
(minor or dwarf planets that orbit the Sun beyond Nep-
tune) have been discovered and some of them are found
on highly inclined orbits (e.g., Brown et al. 2004; Chen
et al. 2013; Trujillo & Sheppard 2014; Chen et al. 2016;
Shankman et al. 2017; Becker et al. 2018). Some of these
objects, like Sedna, orbit with a pericenter distance of
greater than 50AU. With their distant orbits, these ob-
jects avoid close encounters with Neptune, so that addi-
tional dynamical mechanisms are required to account for
their eccentric and inclined orbits.
Several mechanisms have been proposed to explain
the origin of these Sedna-like objects with high inclina-
tion. For instance, an additional (as yet undetected) new
planet on a wide and eccentric orbit can influence the or-
bits of Sedna-like objects and enhance their inclinations.
Such a model is able to explain other features of the outer
Solar System, such as the alignment of the pericenters of
TNOs (e.g., Trujillo & Sheppard 2014; Batygin & Brown
2016; Li et al. 2018; Batygin et al. 2019). Alternately,
these orbits can also be produced and/or captured from
a passing planetary or stellar system. (e.g., Kenyon &
Bromley 2004; Morbidelli & Levison 2004; Brasser et al.
2006; Jlkov et al. 2015). The Nice model, in which the in-
ner giant planets formed in a more compact configuration
and subsequently migrated outwards, has also been used
to explain some architectural features of the outer Solar
System. During the migration of the inner planets, disc
objects in the outer Solar System could have been scat-
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tered to higher eccentricity and inclination values (Fer-
nandez & Ip 1984; Hahn & Malhotra 1999; Thommes
et al. 1999; Gomes 2003; Tsiganis et al. 2005; Morbidelli
et al. 2005; Levison et al. 2008; Nesvorny´ 2015). How-
ever, the migration of the planets alone is insufficient
to explain the inclined orbits of detached objects with
pericenter distances greater than 50AU as these planets
are far enough away to avoid scattering. Moreover, Siraj
& Loeb (2020) recently proposed that the Solar System
could once had a temporary stellar companion in the
birth cluster, and this could also enhance the inclination
of the detached objects.
Given that most stars form within groups and clus-
ters (Carpenter 2000; Lada & Lada 2003; Porras et al.
2003), the Solar System is likely to have experienced stel-
lar encounters in the past. In particular, it has been ar-
gued that our Sun is likely to have formed in a region
of relatively high stellar density, based on meteoritic en-
richment in short-lived radiogenic isotopes as well as the
orbital structure of the outer Solar System (see the re-
view of Adams 2010). As a result, close encounters of the
Solar System with other stars were much more common
than they are today. Moreover, the encounters took place
at lower speeds, ∼ 1 km/s, allowing for more disruptive
interactions. Such encounters can change the orbital el-
ements of the planets and planetesimals orbiting around
the stars, thereby leaving imprints on planetary architec-
tural features. Recently, many studies have shown that
stellar flybys can perturb the orbits of planets/objects
with wide orbits and leave unique signatures in the plan-
etary architecture (e.g., Cai et al. 2019; Batygin et al.
2020; Li et al. 2020; Wang et al. 2020). For our own Solar
System, Pfalzner et al. (2018) used N-body simulations
to show that stellar encounters from a system’s birth
cluster can produce TNOs with orbital features similar to
those observed in our own Solar System. They also show
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that a stellar encounter can reproduce the observed edge
to the outer Solar System, marked by a sharp drop in the
surface density of TNOs at a distance r ∼ 45 AU (Allen
et al. 2001; Morbidelli et al. 2003). In addition, using
both secular theory and numerical simulations, Batygin
et al. (2020) investigated the effects of distant flybys on
the inclination distribution of Kuiper belt objects. They
found that the cold belts inclination can be increased
by the observed amount, but the resulting distribution
is incompatible with the data, thereby resulting in con-
straints on the dynamical history of the system.
Although the orbital distribution of the Sedna-like ob-
jects can help constrain dynamical processes in the outer
Solar System, detection of these objects is relatively dif-
ficult as they reside in far distant orbits. In addition,
observations of objects in our Solar System have been
focused on low inclination orbits historically, and could
be subject to observational bias. More recently, observa-
tional surveys have begun to explore regions with higher
inclination. For example, the Dark Energy Survey re-
cently detected 2015 BP519, which has the highest incli-
nation of any known TNO with a pericenter distance of
greater than 35AU (Becker et al. 2018). Future observa-
tions, including those conducted by the Large Synoptic
Survey Telescope, are expected to dramatically increase
the number of detected highly inclined Sedna-like ob-
jects (Trilling et al. 2018). These observations can be
compared to theoretical models to constrain the archi-
tectural and formation history of our Solar System, such
as stellar encounters that our Solar System could have
experienced in its past.
In order to help interpret the aforementioned obser-
vational results, this paper characterizes the inclination
distribution of under the influence of the passing stars.
The resulting inclination distribution of Sedna-like ob-
jects depends sensitively on the flyby parameters. As a
result, we explore a large parameter space for the stel-
lar flybys, and obtain both analytical and empirical ex-
pressions that describe how the inclination distribution
depends on the input parameters. Understanding the
unique signatures in the inclination distribution could
help one determine the origin of the objects in the outer
Solar System with highly inclined orbits, as well as con-
strain the properties of the Solar System birth cluster.
This paper is organized as follows: Section 2 presents
the set up and defines the parameter space of the stel-
lar flybys studied herein, as well as presents our general
results. Section 3 focuses on the hierarchical regime for
stellar encounters and derives analytical expressions for
inclination excitation due to a distant flyby star. Then,
in Section 4, we analyze the qualitative signatures of stel-
lar encounters in the non-hierarchical region, as well as
an empirical relationship between stellar encounter pa-
rameters and the resulting highly inclined objects. We
then discuss the implications of our results for the birth
cluster of our Solar System. Section 5 presents our con-
clusions, along with a discussion of their implications.
We have uploaded data sets of the results of our simula-
tions to https://doi.org/10.5281/zenodo.3960748 so that
they may be available for further studies or for compar-
ison with observations of outer Solar System objects in
the future.
2. NUMERICAL SETUP
In order to simulate stellar encounters within a stellar
cluster, we ran N-body simulations using the Mercury
(Chambers 1999) code with the Bulirsch-Stoer integra-
tor. We started with a debris disk composed of 10,000
test particles in circular orbits around a central Solar-
type star, with semi-major axes randomly distributed
uniformly between 30 AU and 300 AU. The orbits of
these test particles initially all have vanishing mutual in-
clination, i.e. an idealized thin disk (Pringle 1981) which
all particles lie within the same plane. This is in order to
measure the degree of departures produced by the flyby
interactions. Each test particle begins at a random place
in its orbit. This scenario can be reduced to a gravi-
tational three-body problem between the Sun, the flyby
star, and each test particle (Hall et al. 1996; Kobayashi
& Ida 2001; Musielak & Quarles 2014). Throughout this
study we assume that self gravity between Sedna-like ob-
jects is negligible, since the total mass is low. In addition,
we assume that the effects of the inner giant planets on
the inclinations of Sedna-like objects is small, as we study
objects with a pericenter distance (rp) greater than 50AU
(we confirm this assumption later in this section). More-
over, we focus on objects with a semi-major axis (at) less
than 103AU so we neglect the effects of the galactic tide.
We then study the effects of a stellar encounter on the
debris disk.
The initial distance between the flyby star and the Sun
is chosen to be
Ro = 10, 000 AU(Ms/M) ,
where Ms is the mass of the stellar perturber. In ad-
dition, we stop the simulations after the flyby star has
passed the Sun and returned back to a distance of Ro.
To confirm that this Ro value is large enough, we car-
ried out simulations with an initial and final distance of
Ro = 10
5AU (where Ms = 1M in this simulation). A
KS test comparing the resulting cumulative inclination
distribution from this simulation and the inclination dis-
tribution created by an encounter with the same param-
eters, but with Ro = 10, 000AU, does not reject the null
hypothesis at the 5% significance level. Thus, we con-
clude that integrating the path of the star at distances
greater than (Ms/M)10, 000AU does not change our re-
sults. Once the flyby star has returned to a distance of
Ro, we then measure the change in inclination of the test
particles. For most of our analysis, we neglect test par-
ticles with a pericenter distance (rp) of less than 50AU
post stellar encounter so that effects due to scattering
and mean motion resonances with giant planets (which
are not included in our simulations) can be neglected (re-
call that the 2:1 mean motion resonance with Neptune
occurs at a ∼ 48 AU).
First, to illustrate the inclination excitation due to the
geometry of a stellar flyby, we begin with a representa-
tive example. We start with a stellar encounter with a
perturber mass Ms = 1M, and velocity at infinity v∞
= 1 km/s, typical speeds of young open stellar clusters
(Li & Adams 2015). The pericenter distance of the flyby
star is taken to be Rp = 160AU, and we vary the in-
coming geometry of the stellar encounter. We consider
five different values of stellar inclination is in the range
30◦ − 150◦ in intervals of 30◦, as well as the near copla-
nar encounter cases is = 5
◦, 175◦. We also explore six
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Figure 1. Inclination v.s. semi-major axis for test particles in a solar system debris disk post stellar encounter with pericenter distance of
Rp = 160AU. Different columns correspond to different stellar incoming arguments of pericenter, and different rows correspond to different
stellar inclinations. The solid red lines represent our analytical results at the quadrupole order, and the dashed yellow lines represent that
at the octupole order (discussed in Section 3). The dotted purple lines represent the analytical expression obtained in Kobayashi & Ida
(2001) to predict inclination excitation due to a stellar encounter.
The expansion to octupole order is necessary to accurately predict the change in inclination of debris disk particle with highly inclined
stellar flybys. Prograde encounters in general produce a higher variance in test particle inclinations and a small separated population at
high inclination. Note that the quadrupole order predicts zero inclination excitation when is = 90◦ and ω = 0◦, so we do not include
the quadrupole order results in the particular panel. Kobayashi & Ida (2001) predicts a negligible inclination excitation (. 10−14◦) when
is = 90◦ and ω = 0◦ and so we have omitted this result as well in the particular panel.
values of stellar argument of pericenter ωs in the range
0◦ − 300◦ in intervals of 60◦.
A sample of the results with ωs = 0
◦, 120◦ and 240◦
and is = 30
◦, 90◦, and 150◦ are shown in Figure 1. The
blue dots represent the orbital parameters of disk par-
ticles after the stellar encounter. In this figure we keep
particles with rp > 30AU (instead of rp > 50AU) to show
the accuracy of the analytical expression derived in Sec-
tion 3 at low semi-major axes. These simulations show
that the inclination distribution of test particles have dif-
ferent signatures, with the most sensitive dependence de-
termined by whether the stellar flyby was prograde or
retrograde. In particular, prograde encounters tend to
induce a greater variance in the inclination distribution,
especially among test particles with larger semi-major
axes. Another distinct signature of prograde encounters
is that a sub-population of test particles is often excited
to high inclination retrograde orbits and becomes distin-
guished from the main body of the distribution. This is
consistent with the findings of Breslau & Pfalzner (2019)
that shows prograde stellar flybys can create retrograde
orbits.
It is important to note that an interesting symmetry
exists between stellar encounters whose ωs differ by 180
◦,
while their other parameters are identical. Due to the az-
imuthal symmetry of our setup, the flyby stars in these
cases share essentially identical paths; the only differ-
ence being whether the flyby star approaches the debris
disk from above or below. This difference appears to be
trivial as encounters of this type produce nearly identi-
cal inclination distributions. This finding halves the re-
quired parameter space needed to study the effects that
stellar encounters have on inclination excitation in fu-
ture simulations. For prograde stellar encounters with
ωs = 0
◦, 180◦ the inclination excitation for particles with
larger semi-major axis is nearly independent of the par-
ticle distances. We discuss the feature further in Section
4.1.
Figure 2 shows the density map of the inclination dis-
tribution after the stellar encounter that corresponds to
the the top left panel of Figure 1. This density map was
constructed from an additional simulation of 106 test par-
ticles. ∼ 5 × 105 particles are ejected from the system
due to the stellar encounter and a further ∼ 2.5 × 105
particles are removed as their pericenter distances (rp)
are less than 50AU post encounter. We can see that the
high inclination population created by prograde encoun-
ters only makes up a small fraction of the total distribu-
tion and that the bulk of the distribution is confined to
lower inclinations.
To illustrate that the inclination distribution of the
selected particles does not change significantly post the
stellar encounter, we further evolved the perturbed de-
bris disk for another 4 Gyr (comparable to the age of our
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Figure 2. Density map of the test particles post stellar encounter
corresponding to the upper left panel of Figure 1. The color corre-
sponds to the number density within the bins. The high inclination
population makes up a relatively small proportion of the entire dis-
tribution and the bulk of the particles is held at lower inclinations.
Solar System). We consider an example with flyby star
parameters: Ms = 1M, v∞= 1 km/s, Rp = 160AU,
is = 30
o, and ωs = 0
o. These longer integrations include
the effects of the J2 potentials resulting from Jupiter,
Saturn, and Uranus in their present day orbits, as well
as a Neptune as a point mass particle with its present
day orbital parameters. After selecting particles with
rp > 50AU we compare the resulting inclination distri-
butions before and after this 4 Gyr evolution. Figure 3
compares the cumulative inclination distributions. A KS
test comparing these two distributions does not reject
the null hypothesis at the 5% significance level confirm-
ing their similarity. Although it is possible that the four
giant planets migrated over the course of the lifetime
of our solar system (Tsiganis et al. 2005; Levison et al.
2011), they are likely to have been in tighter orbits in
the past. This static model serves as conservative test
and confirms that we can ignore the effects of the giant
planets on debris disk inclination.
For our simulations, we modeled our debris disk with
a surface density profile Σ ∝ a−αt where at is the semi-
major axis of test particles, and α = 1. However, the
initial surface density of our Solar System’s debris disk
is unknown. Thus, we compared the inclination excita-
tion of debris disks with different initial surface densi-
ties (α = 1, 1.5, and 2.5) to see if our results depend
sensitively upon this parameter. We set the stellar en-
counter parameters to be Ms = 1M, v∞ = 1 km/s,
Rp = 160AU, is = 30
o, and ωs = 0
o. The resulting cu-
mulative inclination distributions are shown in Figure 3.
The different colors in this plot denote the different ini-
tial surface densities of the disk. This figure shows that
the inclination distributions after the stellar encounters
are all similar. A KS test comparing the distributions re-
sulting from α = 1.5 and 2.5 to our default distribution
of α = 1 does not reject the null hypothesis at the 5%
significance level which suggests that the initial surface
density (with small changes of α) of the debris disk does
not significantly affect the resulting inclination distribu-
tion due to a stellar encounter.
We also ran a series of simulations where we changed
the maximum radius of the debris disk (a◦,max) to see
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Figure 3. The top panel shows the cumulative inclination distri-
butions of particles immediately post stellar encounter (solid blue
line) and that after a 4 Gyr evolution with the effects of the four
giant planets (red dashed line). It shows that the inclination dis-
tribution remains relatively unchanged over the 4 Gyr. The bot-
tom panel shows the cumulative inclination distributions for de-
bris disks with different initial surface densities (∝ a−αt ). The
resulting inclination distribution does not change significantly for
small variations in α (∼ 1− 2.5).
how the initial size of the debris disk changes the re-
sulting inclination distribution post stellar encounter.
The stellar parameters of the simulated encounters were
from our standard case (Ms = 1M, v∞ = 1 km/s,
Rp = 160AU, is = 30
o, and ωs = 0
o). We tested debris
disk radii ranging from 100AU to 400AU in increments of
50AU. We then exclude debris disk particles with a peri-
center distance of less than 50AU. Figure 4 shows the
cumulative inclination distributions resulting from these
encounters.
As we can see in Figure 4, the high inclination pop-
ulation only weakly depends on the size of the disk as
long as the disk is around . 100 − 300 AU. At the low
inclination end, debris disks with an initial radius of less
than 200AU have few, if any, low inclination particles
with a pericenter distance greater than 50AU post en-
counter. Most of the particles originating from these
smaller debris disks are contained within moderate in-
clinations while a small percentage of particles exist at
higher inclinations. On the other hand, debris disks with
an initial radius of greater than 200AU contain low incli-
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Figure 4. Cumulative inclination distributions for debris disks
with different sizes (a◦,max). The different colors correspond to dif-
ferent initial outer edges of the disks. Debris disks with an outer
edge of greater than 200AU are marked with dashed lines. Ob-
jects farther from the central star contribute to populations with
moderate inclinations (∼ 20 − 70◦), which makes the inclination
distribution smoother for large disks.
nation populations. These larger debris disks also have
high inclination populations that are more continuously
connected to the bulk moderate inclination population.
These signatures of low and high inclination populations
can be compared to future observations of TNOs in our
Solar System to constrain the initial size of our pro-
toplanetary disk and can distinguish stellar encounters
from other inclination excitation dynamical mechanisms.
In Section 4, we study the dependence of the inclination
distribution on the stellar flyby parameters.
3. HIERARCHICAL REGIME
As illustrated in Figure 1, the inclination excitation
can be divided into different regimes: 1) the low incli-
nation excitation of test particles close-in to the central
star and far away from the stellar flyby, 2) inclination
excitation for particles with larger semi-major axis with
greater variation in inclination, and 3) the inclination ex-
citation of a small group of particles separated from the
main distribution for the prograde stellar flyby. In this
section, we start with the first regime, and consider the
inclination excitation in the hierarchical limit, where the
particles are far from the stellar flyby.
We use r = (x, y, z) to denote the position vector of the
particle from the central star, and R = (ξ, η, ζ) to denote
that of the flyby star. The disk particles initially start
in the x − y plane. When the flyby star is far from the
particles in the disk, one can expand the tidal force due
to the flyby star in series of r/R (e.g., Heggie & Rasio
1996; Kobayashi & Ida 2001):
F =
GMs
R
∞∑
n=0
∇r
[( r
R
)n
Pn
(r ·R
rR
)]
(1)
where Ms is the mass of the flyby star and Pn is the
nth Legendre polynomial. Then, the change in the in-
clination can be estimated based on the change of the
specific orbital angular momentum (δh) due to the tidal
torque. The change rate of the specific orbital angular
momentum (torque acted by the incoming star) can be
expressed as the following:
h˙ = r× F (2)
When the pericenter distance of the incoming star, Rp,
is nearly comparable to the semi-major axes of the test
particles in our simulations, we must use a non-secular
approach for the calculation of δh (e.g., the “The Ex-
ponential Regime” where the eccentricity changes decay
exponentially as a function of Rp as discussed in Heggie
& Rasio 1996). We parameterize the particles’ position
as r = at(xˆ cos (nt) + yˆ sin (nt)), where at is the semi-
major axis of the particle and xˆ and yˆ are the orthogo-
nal unit vectors in the initial disk plane. This is different
than the approach used in Kobayashi & Ida (2001) where
they average the orbital phase of the particles. The az-
imuthal symmetry of the quadrupole potential makes it
not a good approximation when the stellar encounter has
a high inclination, and in particular it does not predict a
change in inclination for stellar encounters with is = 90
◦
if the argument of pericenter, ωs = 0
◦. Thus, we expand
the perturbing acceleration ~F to the octupole order. This
octupole expansion coupled with the non-secular treat-
ment of the orbits of the particles is necessary to accu-
rately predict the inclination excitation when is ∼ 90◦
as seen in the middle row of Figure 1.
Ignoring the more rapidly varying terms, h˙ to the first
order in nt can be expressed as the following:
h˙ =
3a2tGMs
8R7
(
(ζ(4ηR2 + 10atηξ cos (nt)
+ at(−4ζ2 + 11η2 + ξ2) sin (nt)),
ζ(at(4ζ
2 − η2 − 11ξ2) cos (nt)
− 2ξ(2R2 + 5atη sin (nt))),
+ (−4ζ2 + η2 + ξ2)(η cos (nt)
− ξ sin (nt))
)
(3)
In the test particle approximation, the trajectory of the
star is fixed. Thus, to estimate the total change of an-
gular momentum (δh), we integrate h˙ over the course of
the encounter along the path of the star. We adopted the
“method of steepest descent” following Heggie & Rasio
(1996) to calculate the integral.
The variation in orbital inclination can be obtained as
the following:
cos(δi) =
(ho + δh) · ho
||ho + δh|| · ||ho|| (4)
where ho is the initial orbital angular momentum. We
expect δh to be small in the hierarchical limit, so we
Taylor expand Equation 4 around δh to obtain a simpler
result. The inclination excitation at the lowest order of
this expansion is:
cos(δi) ≈ −δh
2
a − δh2b
2h2o
, (5)
where δh = (δha, δhb, δhc).
The full expression for δi to octupole order is lengthy so
we leave it in its full form in Appendix A. The quadrupole
order of the expression is included below:
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cos(δi) =
a3tM
2
s sin
2(is)
8a3se
2
s(−1 + e2s)3m(m +Ms)
(6)
×
[(
− 3es arccos(−1/es) cos(is) sin(Ωs)
+
√
1− 1/e2s((−1 + e2s) cos(Ωs) sin(2ωs)
+ cos(is)(−3e2s
+ (−1 + e2s) cos(2ωs)) sin(Ωs))
)2
+
(
− 3es arccos(−1/es) cos(is) cos(Ωs)
+
√
1− 1/e2s × (cos(is)(−3e2s
+ (−1 + e2s) cos(2ωs)) cos(Ωs)
− (−1 + e2s) sin(2ωs) sin(Ωs))
)2]
where elements subscripted with “t” refers to the debris
disk object being perturbed, elements subscripted with
an “s” refers to the stellar perturber, and elements sub-
scripted with an “” refers to the central star of our
system.
We compare our analytical result to our N-body sim-
ulations in Figure 1. As shown in Figure 1, this ana-
lytical result is more accurate for particles with small
semi-major axis. This is expected because we only con-
sidered the octupole expansion in the torque due to the
incoming star. At larger distances, the spread in the in-
clination excitation is large and the detailed structure
is rich. Thus, we do not expect that a single analytical
formula could describe the inclination excitation at large
distances.
4. NON-HIERARCHICAL REGIME
In the non-hierarchical regime, the stellar flyby scatters
the particles and excites their inclinations. The variance
in the inclination excited is large (as shown in Figure 1),
and it is difficult to obtain an analytical expression to
describe the inclination increases in this regime. Thus,
we describe qualitatively effects of the stellar flyby and
the inclination excitation mechanism in section 4.1 and
4.2. Then, we explore different stellar flyby parameters
and obtain a simple empirical expression on the maxi-
mum inclination excitation in section 4.3. We apply our
results to possible stellar flybys of our own Solar System
in section 4.4.
4.1. Bulk Inclination Variation
To investigate the detailed evolution of disk structure,
we include in Figure 5 the snapshots of the disk parti-
cles with a final rp > 50AU during a prograde stellar
flyby. The parameters of the encounter are Ms = 1M,
v∞ = 1km/s, Rp = 160AU , is = 30o, and ωs = 0o. The
upper row shows the positions of the particles in the x−y
plane, and the colors represent the final inclination of the
particles. The particles start with azimuthal symmetry,
as shown in the left panel when the star is farther away
before the close encounter. As the star comes closer, spi-
ral features can be produced due to the perturbation of
the incoming star. The timescale of such spiral features
is admittedly short (∼kyrs), but this may suggest that
some of the spiral features observed in debris disks by
ALMA could be the result of stellar perturbation.
The middle column shows the snapshot during the time
of closest approach of the incoming star (tCA). We can
see that the survived particles with large final pericenter
distances form four groups, where the group closest to
the incoming star get its inclination maximally excited,
corresponding to the high inclination populations shown
in the upper row of Figure 1. This separation of groups
is due to our selection of particles above pericenter of
50 AU, and it is not seen in retrograde encounters. As
the star moves past the closest approach, the spiral fea-
ture reappears, but as the star moves even farther, the
spiral feature is gone and the disk appears azimuthally
symmetric with particles scattered to larger separations
from the host star.
The bottom row shows the positions of the particles in
the x-z plane. The particles initially lie within x-y plane
as shown in the left panel. By the time of closest ap-
proach, long term perturbations caused by the advance
of the flyby star have started to pull the particles out
of their original alignment with the x-y plane as seen
in the middle panel. As the star passes the system and
continues on its journey, the orbits of most of the parti-
cles (those in groups labeled 2, 3, and 4) align with the
asymptotic exiting path of the star. This behaviour can
be seen in the bottom right panel.
The lower row of Figure 5 shows that the disk seems to
align with the asymptotic exiting path of the flyby star.
The angle between the original orbital plane of the test
particles and the asymptotic entering or exiting path of
the flyby star can be obtained geometrically:
θs = arccos
√
cos2 (ψs + ωs) + cos2 is sin
2 (ψs + ωs) (7)
where ωs and is are the argument of pericenter and
inclination of the flyby star respectively. ψs = pi −
arccos (1/es) is the scattering angle of the flyby star along
the exiting path and es is the flyby star’s eccentricity.
However, in exploring other stellar encounters with dif-
ferent geometries, we find that the disk only tends to
align with the flyby star’s path when the flyby star’s
pericenter lies within the original orbital plane of the de-
bris disk. For near co-planar encounters the difference
between θs and the average it value is small, even for
varying values of ωs. On the other hand, when the flyby
star’s trajectory is largely tilted from the disk plane, the
particles cannot follow the path of the star. The disk is
significantly warped and Equation 7 is no longer a good
approximation.
4.2. Highly Inclined Particles
Figures 1 and 5 show that prograde stellar encounters
can produce a small population of highly inclined objects
(Breslau & Pfalzner 2019), and that the final inclination
of an object is closely related to its position at the time
of closest approach. The population that is closest to
the star at the time of closest approach (labeled “1” in
Figure 5) can have its inclination excited to above 90◦.
To explain why this population experiences such ex-
treme inclination excitation compared to the other
groups of particles, we estimate the inclination excita-
tion that stationary test particles would experience by
calculating the torque exerted to the flyby star. Inclina-
Inclination Excitation due to Stellar Flybys 7
-200
0
200
Y
 (
A
U
)
t
CA
- 34059yrs
-200 0 200
X (AU)
-200
0
200
Z
 (
A
U
)
t
CA
- 2190yrs
-200 0 200
X (AU)
t
CA
1
2
3
4
-200 0 200
X (AU)
1
2
3
4
-400
-200
0
200
400
t
CA
+ 2190yrs
-200 0 200
X (AU)
-400
-200
0
200
400
t
CA
+ 26174yrs
-200 0 200
X (AU)
0 20 40 60 80 100 120 140 160 180
 i
t
 (°)
Test Particle
Path of Star
Disk Alignment
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Figure 6. Predicted inclination excitation for test particles at
different locations. High inclination excitation exists around∼ 20−
60AU below the original orbital plane of the disk and concentrates
in a small region around X ∼ 100AU and Y ∼ −80AU, agreeing
with the snapshots shown in Figure 5.
tions of the particles in group 1 changes rapidly near the
closest approach of the flyby star over a small amount of
time compared to the particles’ orbital periods. There-
fore, we assume the location of the particles are fixed for
simplicity. We integrate the torque from the star onto
the particles over the course of the stellar encounter to
find the change in angular momentum of each particle.
We then calculate the corresponding change in inclina-
tion according to Equation 4. The results are shown in
Figure 6. This method tends to over-predict the final
inclinations of particles, but is useful for illustrative pur-
poses.
We considered the stellar encounter with is = 30
◦ and
ωs = 0
◦ (Ms = 1M, v∞ = 1km/s, Rp = 160AU) in
Figure 6. The color represents the predicted inclination
post stellar encounter for particles at different locations.
It shows that the high inclination excitation region lies
below the original orbital plane of the test particles in
approximately the same location of the group of particles
labeled “1” in Figure 5 during the encounter. Long-term
interaction with the star is responsible for perturbing
the test particles from their original orbits so that they
can reside in the high inclination excitation region at the
beginning of the short-term interaction.
This complication explains why retrograde encounters
do not produce distinct high inclination populations.
The long-term interaction prior to the close encounter
does not effectively separate the disk of surviving par-
ticles (with rp > 50AU) into separate groups. Because
this separation is absent, the resulting inclination distri-
bution is smoother for retrograde encounters.
4.3. Empirical Results
A stellar pericenter distance (Rp) of 160AU helps recre-
ate the observed edge of the Kuiper belt (e.g., Kenyon
& Bromley 2004), and thus we use this value for most
of our simulations. However, for a more complete explo-
ration of encounter parameter space, we looked at the
effects of varying Rp on the resulting inclination distri-
bution of the debris disk. The flyby star parameters for
these tests are Ms = 1M, v∞ = 1km/s. We choose
is between 10
◦ − 170◦ in intervals of 10◦ (including the
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near co-planar encounter cases is = 5
◦, 175◦, and twelve
values of ωs between 0
◦ − 165◦ in intervals of 15◦. We
vary Rp between 50-300AU in increments of 10AU. The
results are presented in Figure 7, which shows the inclina-
tion of debris disk particles averaged over all geometries
of encounter, assuming the stellar encounters are isotrop-
ically distributed (weighted by sin(is) and assume ωs is
uniformly distributed).
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Figure 7. Weighted average of test particle inclinations post stel-
lar encounter at different distribution percentiles. The inclinations
are averaged over all ωs and is, assuming the flyby is isotropic
(weighted by sin(is)). The shaded regions show the standard de-
viation around this weighted average. The different colors in each
panel correspond to different Rp of the perturbing star. We can
see the general trend that encounters with smaller Rp are more
effective at exciting inclination.
Figure 7 shows a general trend that lower Rp are more
disruptive and can excite the inclination of particles to
higher values. The shaded regions in Figure 7 repre-
sent the standard deviation around the weighted average
it, and illustrate that the geometry of encounter plays
a significant role in the final inclination distribution of
the debris disk. The specific geometry of encounter also
becomes more important at lower Rp, as we can see that
these encounters have greater deviation from the average
due to the orientation of the perturbing star’s path.
Different Rp leads to distinct inclination distributions,
that can be characterized using critical semi-major axis
(ac) where the transition from the low variance hierarchi-
cal regime to the high variance non-hierarchical regime
occurs. We define ac to be the semi-major axis at which
the standard deviation of the inclination distribution ex-
ceeds 1 degree. The upper panel of Figure 8 shows the
values of (ac) from stellar encounters with different Rp.
We can see the general trend that encounters with larger
Rp lead to a higher ac in the disk post encounter. In
other words, more particles fall within the hierarchical
regime during encounters with larger Rp, and their incli-
nation excitation are small. The inclination excitation of
these particles can be predicted by our analytical work
in Section 3. With lower Rp (< 120AU), an ac value
does not exist for any geometry as the encounter is too
disruptive.
The geometry of encounter again plays a significant
role in the location of ac as shown in the upper panel
of Figure 8, where the colors represent different stellar
flyby inclinations (is). Specifically, the lower inclination
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Figure 8. The top panel shows the critical semi-major axis (ac)
of inclination distributions post encounter for different Rp. The
colors denote the different is of encounter. We can see that larger
Rp and is lead to larger values of ac. The bottom panel shows
the disk edge post encounter for different values of Rp. Generally,
encounters with smaller Rp lead to a smaller disk edge, and near
coplanar encounters are most effective at shearing the edge of the
disk.
encounters are more disruptive and lead to lower values
of ac, while the less disruptive retrograde encounters tend
to result in larger values of ac. This can also be seen as
an example in the top and bottom panels of Figure 1
where the retrograde encounters have a smaller variance
in it at larger values of at. In the cases where 100AU <
Rp < 150AU most near coplanar prograde encounters
are too disruptive for an ac value to exist. On the other
hand, the dependence of ac on the stellar argument of
pericenter (ωs) is weak.
Stellar encounters have been used to explain the appar-
ent edge of the Kuiper belt (Morbidelli et al. 2003; Adams
& Laughlin 2001; Kenyon & Bromley 2004; Pfalzner et al.
2018), marked by the sudden drop in surface density, and
the edge of the disk post encounter also depends upon Rp
of the flyby star. The bottom panel of Figure 8 shows the
post encounter disk edge as a function of Rp of the en-
counter. The location of the disk edge is identified to be
where the surface density (in N/AU, where N is number
of particles) of the disk falls to half of the peak value. We
can see from this plot the general trend that larger values
of Rp lead to larger values of disk edge, though geome-
try of encounter still plays a significant role. Specifically,
near coplanar prograde encounters tend to be the most
effective at shearing the edge of the disk. Interestingly,
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different from ac, counter orbiting (is ∼ 180◦) encoun-
ters produce smaller disk sizes comparing with the ret-
rograde encounters with larger disk-flyby misalignment
(is ∼ 110◦). Thus, observations of the inclination dis-
tribution as well as the surface density profile of debris
disks can be used to help constrain Rp and is of past
stellar encounters.
Next we vary the parameters of Ms and v∞ in addition
to is and ωs. We choose five values of Ms (0.1, 0.3, 1,
3, 10)M, eight values of v∞ (0.1, 0.3, 0.7, 1, 5, 10, 40,
100)km/s, is between 10
◦ − 170◦ in intervals of 10◦ (as
well as the near co-planar encounter cases is = 5
◦, 175◦,
and twelve values of ωs between 0
◦ − 165◦ in intervals
of 15◦. We again hold Rp = 160AU constant for these
simulations.
Figure 9 shows the weighted average of debris disk par-
ticle inclinations post stellar encounter at different per-
centiles of the inclination distribution. The average incli-
nations for each Ms and v∞ are calculated assuming the
stellar encounters are isotropically distributed. In this
figure we select four of the v∞ for illustrative purposes.
We can see from this figure that larger mass perturbers
are more effective at exciting inclinations of the debris
disk particles than lower mass perturbers. In addition,
perturbers with a lower v∞ are on average able to ex-
cite debris disk particles to higher inclinations than their
faster counterparts. However, the average of the highest
inclined debris disk particles tend to converge to similar
inclinations at the highest percentile.
We also study the effect of varying the stellar per-
turber’s mass and velocity on high inclination popula-
tions by investigating the maximum inclination after the
stellar encounter. In order to remove outliers, we re-
quire that our maximally inclined particles have at least
two other particles within 10◦. This procedure does not
remove the separated high inclination populations result-
ing from prograde stellar encounters (which may be sepa-
rated from the main distribution by > 10◦ in some cases)
described earlier. We provide enough particles (104 par-
ticles in the disk) in our simulations for these separated
populations to have well over 3 particles in all cases. We
also require that our maximally inclined particles have
semi-major axes less than or equal to 500AU. Particles
with at > 500AU post encounter tend to have a chaotic
dependence upon incoming stellar parameters and are
thus less predictable. These particles are also much less
likely to be observed due to their wide orbits.
For prograde encounters, this maximally inclined parti-
cle belongs to the separated high inclination population.
For retrograde encounters, the maximally inclined parti-
cle usually is drawn from the tail end of the distribution
where at is large post stellar encounter.
Figure 10 shows the maximum inclination of debris
disk particles after the stellar encounter for every sim-
ulation. These maximum inclinations are plotted versus
the inclination (is) of the fly-by star. From this figure
we can see that most maximally inclined debris particles
have one of two possible empirical relationships with is
as described below.
The first empirical relationship is shown in the solid
black line of Figure 10 and is given by it,max = A sin(is).
The second empirical relationship is shown in the mir-
rored dashed black line of the same figure, given by
it,max = 180
◦ − A sin(is). As we can see from the color
and size of the data points in this figure, which empir-
ical relationship applies seems to depend mainly upon
the perturber’s mass and velocity. Specifically, flyby
stars with more mass and lower velocities tend to fa-
vor the it,max = A sin(is) relationship, while flyby stars
with less mass and higher velocities tend to favor the
it,max = 180
◦ − A sin(is) relationship. The amplitude
A is fit to the maximum inclinations of particles excited
by stellar perturbers with Ms ≥ M and v∞ ≤ 5km/s.
The value A = 163.6327◦ is calculated by minimizing the
root-mean-square deviation between the empirical rela-
tionship and it,max.
We propose that there are two main processes through
which a stellar perturber increases the inclination of de-
bris particles. The first is long-term torquing of the orbit
of the particles over the course of the encounter. In this
case, encounters with an is close to 90
◦ have a mechani-
cal advantage over near coplanar encounters in torquing
the orbits due to the geometry of the encounter. This
leads to the relationship it,max = A sin(is).
The second process is short-term scattering of the par-
ticles due to close proximity with the perturbing star.
In the case where the perturbing star is too fast to ef-
fectively torque the orbits of the particles over a long
period of time, the only way particles have their inclina-
tions excited is by close short term scattering with the
perturber. Therefore, when this process is dominant,
near coplanar encounters will producer higher inclined
particles as opposed to encounters with is close to 90
◦
due to their proximity with the disk and leads to the
it,max = 180−A sin(is) relationship. The dependence on
the stellar flyby argument of pericenter (ωs) is weak, ex-
cept that Fast encounters (v∞ > 5km/s) with ωs ∼ 90◦
are least effective at inclination excitation. This supports
the picture that Fast encounters mainly excite particle in-
clination through short term scattering (which requires
close proximity), as the pericenter of these encounters
are furthest from the initial plane of the debris disk when
ωs ∼ 90◦. “Small” (Ms < M) and “Fast” encounters
are capable of producing single objects with large inclina-
tions but such close proximity scattering events are not
effective in raising the average inclination of the entire
disk being perturbed.
4.4. Comparison to Observations
Here we compare our simulation results to observa-
tions of Sedna-like objects in our Solar System in order
to constrain the parameters of possible stellar encoun-
ters that our Solar System experienced in its past. We
take data from the IAU Minor Planet Center1 and
select objects with rp > 50AU. This selection ensures
that it is unlikely these objects had their orbits inclined
via scattering with the planets. This selection also ex-
cludes most of the dominant regions of Mean Motion
Resonances with Neptune. Currently this data set in-
cludes only nine objects, four of which have semi-major
axes in the range 50–100AU while the rest have semi-
major axes a > 100AU up to a ∼ 1000AU. These objects
have a wide range of eccentricities (0.11-0.93) and have
inclinations ranging from 4.2◦–46.8◦. The average incli-
nation of these objects is 25.8◦ with a standard deviation
1 https://www.minorplanetcenter.net/
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Figure 9. The weighted average of test particle inclinations post stellar encounter at different distribution percentiles. The inclinations
are averaged over all ωs and is, assuming the flyby is isotropic. The shaded regions show the standard deviation around this weighted
average. The different colors in each panel correspond to different masses of the perturbing star. The different panels themselves correspond
to different perturber velocities at infinity. From this figure we can see that larger mass and lower velocity stars can excite particles more
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Figure 10. Maximum inclination of debris disk particles post stel-
lar encounter versus stellar flyby inclination. The size corresponds
to the mass of the stellar perturber and the color corresponds to the
stellar velocity at infinity. The solid black line is 163.6327◦ sin(is)
(fitted with Ms ≥ M and v∞ ≤ 5km/s). The dashed black line
is 180 − 163.6327◦ sin(is). More massive, slow perturbers tend to
follow the positive sin(is) dependence, and the fast perturbers tend
to follow the negative one.
of 14.6◦.
We first consider possible mass and velocity of the
stellar flyby needed to produce particle inclinations con-
sistent with the observations. Because observations of
our Outer Solar System have been primarily focused on
the objects near the ecliptic, we first use the observa-
tional result as a lower bound. We calculate the prob-
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Figure 11. Probability of inclination excitation versus stellar
flyby mass and velocity. The color represents the probability that
the inclination excitation is higher than one standard deviation be-
low the observed average (¯iobs−σiobs). The dashed red line denotes
the region where inclination excitation mostly (& 80%) exceeds
i¯obs + σiobs. It shows that stars with masses similar to that of the
Sun with low velocity ∼ 1km/s can lead to inclination excitation
consistent with the observation (assuming Rp = 160AU).
ability that the resulting average inclination is above
one standard deviation lower than the observed aver-
age (i¯t > i¯obs − σiobs), while assuming that the distri-
bution of stellar flybys is isotropic. Figure 11 shows this
probability as a function of perturber mass (Ms) and
perturber velocity (v∞). It shows that if a stellar per-
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turber is not massive enough (Ms . 0.1M) or is too
fast (v∞ & 40km/s), then it is not sufficient to excite the
average inclination. In this case, an additional dynami-
cal mechanism would be required to explain the observed
inclination distribution.
Next, we calculate the probability that the encounter
will produce an average inclination below one σiobs above
the observed average (i¯t < i¯obs + σiobs). Only massive
stars (& 2M) with low incoming velocity (. 1km/s)
could lead to inclinations higher than this observational
constraint. Specifically, we mark the region where the
probability is below 20% in Figure 11 with a dashed red
line. Stellar perturbers with these parameters are either
so big or so slow that the average inclination exceeds
what we currently observe. Please note that because
of the aforementioned observational bias, this ceiling is
likely to change with future observations of highly in-
clined objects.
In addition to the average inclination, we also compare
our simulated inclination distributions to those of the ob-
servations using a KS test. Similar to the results using
only the average inclination, the KS test shows that most
of the encounters lead to distributions that are similar to
the observations. Specifically, it does not reject the null
hypothesis in > 90% of encounters when Ms = M and
v∞ ≤ 1km/s at a 5% significance level. Other encoun-
ters with higher stellar mass and velocity at infinity can
favorably compare to observations as well, but specific
geometries of encounter reject the null hypothesis when
comparing to the observations in ∼ 50% of cases. The
geometries that reject the null hypothesis in these cases
tend to be nearly coplanar encounters (is ≤ 10◦ and
is ≥ 170◦). Encounters with moderate to high stellar
inclination (30◦ ≤ is ≤ 130◦) also reject the null hypoth-
esis if their stellar argument of pericenter is below 60◦, is
between the range 135◦ ≤ ωs ≤ 240◦, or is greater than
315◦. We stress that relatively few observational data
points exist for the types of objects we are interested in,
so that it is difficult to do rigorous statistical compar-
isons. In the absence of sufficient data, our aim here is
to give a rough estimate and to provide a framework that
can be used when more observations become available.
Combining both the inclination and eccentricity distri-
butions can provide tighter constraints on the parame-
ters of the stellar flybys (Pfalzner et al. 2018). Toward
this end, we have conducted two-dimensional KS tests
that compare the inclination and eccentricity distribu-
tions of simulated and observed data simultaneously. We
find that flyby stellar parameters that produce inclina-
tion distributions that compare favorably with observa-
tions (Ms = M and v∞ ≤ 1km/s) do not reject the null
hypothesis in ∼ 60% of encounters when we compare in-
clination and eccentricity together. The specific geome-
tries that reject the null hypothesis vary, but most tend
to be near coplanar encounters (is < 30
◦ and is > 150◦).
Nearly perpendicular encounters (80◦ ≤ is ≤ 130◦) also
tend to reject the null hypothesis when the stellar argu-
ment of pericenter is ≥ 105◦. This finding underscores
the importance of the geometry of the encounter when
attempting to reproduce multiple observed orbital pa-
rameter distributions simultaneously.
We next vary Rp in our simulated encounters and hold
constant Ms = M and v∞ = 1km/s. We can again cal-
culate the average inclinations of distributions with these
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Figure 12. The probability of inclination excitation versus stel-
lar flyby pericenter distance. The blue stars show the probability
of exciting inclination higher than one standard deviation below
the observed average, and the red stars show the probability of
excitation lower than one standard deviation above, i¯obs + σiobs.
The yellow dots represent the probability of inclination excitation
falling within one standard deviation of the observed average. The
top panel shows that a stellar flyby with mass Ms = M with
pericenter distance around 160AU agrees well with the observed
average inclination. The bottom panel shows that a stellar flyby
with Ms = 0.5M with a shorter pericenter distance (∼ 120AU)
can also reproduce the observed average inclination
parameters and compare to the average inclination of
Sedna-like objects in our Solar System with rp > 50AU.
Figure 12 shows the probability of the inclination ex-
citation in comparison with the observations. The blue
stars show the probability of attaining inclination excita-
tion higher than the observational constraint (one stan-
dard deviation below the average, i¯obs − σobs) and the
red stars show the probability of falling below the ob-
servational constraint (one standard deviation above the
average, i¯obs + σobs). These results imply that the in-
clination excitation agrees with the observations for Rp
between ∼ 150AU and ∼ 200 AU (assuming Ms = M
and v∞ = 1km/s). The yellow dots show the probability
that the simulated average inclination falls within one
standard deviation of the observed average inclination.
This probability peaks at around 160 AU. The average
stellar mass in the cluster (∼ 0.5M) is lower than that of
the Sun. For this smaller value Ms = 0.5M, we repeat
this process and find that lower mass perturbers require
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a lower value of Rp value, on average, to reproduce the
observed inclinations. In this case, the most probable
Rp is ∼ 120AU. More generally, the required value of
the pericenter of the flyby encounter roughly scales with
mass according to Rp ∝M0.5s .
Since v∞ is not universal in young clusters, we next find
the most probable Rp values for encounters with Ms =
M at different values of v∞ using the same method.
For encounters with v∞ = 5km/s, the most probable Rp
to reproduce the observed average inclination is between
∼ 90AU and ∼ 110AU. When v∞ = 10km/s, the most
probable Rp becomes ∼ 70AU. These types of faster en-
counters require the perturbing star to encroach further
into the Solar System in order to excite the inclinations
of Sedna-like objects to levels presently observed.
The most probable values of these flyby parameters are
in rough agreement with previous studies. For example,
Kenyon & Bromley (2004) finds that a solar-type star
that passes by our Solar System on a prograde orbit at
Rp = 160AU can help explain the apparent edge (drop in
surface density) of the Kuiper Belt. They also find that
such an encounter can also produce objects with Sedna-
like orbits. Work done by Pfalzner et al. (2018) shows
that fly-bys of stars on parabolic orbits with masses in the
range of 0.3− 1.0M at pericenter distances of between
50 and 150 AU at specific geometries can recreate many
orbital features of the outer Solar System, including the
dynamically distinct “hot” and “cold” populations of the
Kuiper Belt and Sedna-like objects.
The results described above correspond to an interac-
tion cross-section for producing the required orbital incli-
nation of σ ∼ 5× 105AU2. This value is roughly a factor
of two larger than the disruption cross section estimated
previously (Li & Adams 2015; Li & Adams 2016), which
required that the giant planets were not strongly per-
turbed. In other words, flyby encounters can more read-
ily overproduce orbital inclinations in the Kuiper Belt
than perturb the orbits of giant planets. As a result, the
corresponding constraint on the solar birth environment
(from considerations of inclination excitation) is slightly
more restrictive than constraints from orbital disruption
of the giant planets (compare Li & Adams 2015 with
Batygin et al. 2020). For a given disruption cross section
σ, we require the optical depth for disruption to be less
than unity, i.e., nσvτ < 1, where n is the (suitably av-
eraged) number density of stars, v is the typical speed,
and τ is the time spent in the environment. Using v = 1
km/s characteristic of intermediate-sized clusters in con-
junction with the cross section of this paper, we find the
limit nτ . 8 × 104 Myr pc−3. Previous work indicates
that the membership size of the birth cluster obeys the
approximate constraint N . 104 members (e.g., Adams
& Laughlin 2001; Portegies Zwart 2009; Adams 2010;
Pfalzner 2013). If one uses the same assumptions re-
garding cluster properties as these previous estimates,
the disruption cross section of this paper (due to in-
clination excitation) results in a comparable bound on
the membership size N of the birth cluster. The aggre-
gate of these results thus require N . 104 and imply
N = 103 − 104.
5. CONCLUSION
Objects in the outer realms of the Solar System are
relics of the planetary formation processes and can pro-
vide important clues on the formation of the Solar Sys-
tem. In particular, the highly inclined Sedna-like objects
cannot be explained by scattering with Neptune, and re-
quire some additional dynamical mechanism to explain
their origin. To better understand the origin of the highly
inclined objects, we have investigated the inclination ex-
citation of debris disk bodies under the influence of close
stellar encounters. We then used these results to con-
strain the properties of the Solar System birth cluster
based on current observations of the inclination distribu-
tion of Sedna-like objects.
Our results indicate that stellar encounters often leave
unique signatures in the inclination distribution of the
debris disks. In the hierarchical regime, where debris
disk objects are relatively close to the central star and the
flyby star acts as a distant perturber, the resulting incli-
nation excitation is low. For this case we have derived an
analytical expression that closely predicts the expected
inclination excitation. Equation (6) presents this result
in the quadrupole limit, whereas equation (A1) presents
the octupole terms.
In the non-hierarchical limit, the encounters are more
disruptive, and the resulting variance in the inclination
distribution is large. Prograde encounters generally pro-
duce a larger scatter in the inclination distribution, and a
small population (∼ 5%) of highly inclined objects tends
to be separated from the main body of the inclination
distribution (specifically, for particles with rp > 50 AU).
Based on a large ensemble of numerical simulations, we
obtained the following general trends on the dependence
of the disk properties: smaller debris disks (a◦,max . 200
AU) end up with few, if any, low inclination detached ob-
jects with rp > 50AU. Larger debris disks (a◦,max & 300
AU) result in a smoother inclination distribution after
the stellar encounter. On the other hand, the slope of
the initial surface density of the debris disk (with power-
law index α ranging between −0.5 and −2.5) does not
change our results significantly.
The inclination distribution also depends on the pa-
rameters of the incoming star. The pericenter distance
Rp of the stellar perturber has a significant effect on the
resulting inclination distribution. Most importantly, Rp
greatly influences the critical semi-major axis (ac) which
marks the boundary between the low inclination domi-
nated regime and the high inclination dominated regime
(which has larger scatter) of the overall inclination dis-
tribution after the encounter. The geometry of the en-
counter also affects ac as the less disruptive retrograde
flybys create a larger regime that is dominated by low
inclination. In addition, we obtained an empirical rela-
tion for the maximum inclination excitation of the debris
disk particles as a function of the stellar flyby inclination.
In the regime where the perturbing star is massive and
slowly moving (Ms ≥ M, v∞ ≤ 5km/s), the maximum
inclination can be fit with a function of the form max[i] ∼
163.6◦ sin(is). On the other hand, when the flyby star is
lower in mass and moves faster, the maximum inclination
can be fit by max[i] ∼ 180◦ − 163.6◦ sin(is).
Comparing our results to the current population of ob-
jects in our outer Solar System, we find that an encounter
with stellar pericenter distance Rp ∼ 120 AU can repro-
duce the observed average inclination. This finding as-
sumes that the incoming star has a mass of ∼ 0.5M,
which corresponds to the average stellar mass from the
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expected initial mass function (Adams & Fatuzzo 1996;
Chabrier 2003). This level of disruption implies a con-
straint on the solar birth cluster of the form nτ . 8×104
Myr pc−3, where n is the number density of stars and the
τ is the residence time. We note that constraints based
on the inclination distribution of TNOs are slightly more
restrictive than those found previously due to disruption
of the orbits of the giant planets. (e.g., see Li & Adams
2015). This constraint is also in rough agreement with
previous studies that suggest the membership size of the
birth cluster is bounded by N . 104 and likely falls in the
range N = 103− 104(Adams & Laughlin 2001; Portegies
Zwart 2009; Adams 2010; Pfalzner 2013; Batygin et al.
2020). Future observations of outer Solar System objects
with large inclinations will improve this constraint.
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APPENDIX
INCLINATION EXCITATION IN THE HIERARCHICAL REGIME
In this Appendix, we include the analytical expression for the inclination excitation with terms on the octupole level
(a1/a
3
2). We adopt the following notations: subscript 1 refers to the central star, subscript 2 refers to the flyby star,
and subscript 3 refers to the debris disk object that is being perturbed. The exception to this notation is Rp, which
refers to the distance of closest approach of the flyby star. We assume the debris disk objects are test particles with
zero masses.
When Equation (1) is expanded to the octupole order, the resulting inclination increase (expressed as the quantity
cos (δi)) is given by the expression
cos δioct =
(1 + e2)
4(m1 +m2)
5/2m22piR
5/2
p sin
2(i2)
25, 600a3e62(−1 + e22)m1
×
[
− a−3/23 (m1 +m2 +m3)−7/2
× 4 exp
(
2
√
m1 +m2
m1 +m2 +m3
(Rp/a3)
3/2
(−√−1 + e22 + arccos(1/e2))(−1 + e2)−3/2)
× (−1 + e2)3/2
((
9− 9 cos(2i2) + 10 cos(i2 − 2Ω2) + 3 cos
(
2(i2 − Ω2)
)
+ 18 cos(2Ω2) + 3 cos
(
2(i2 + Ω2)
)
+ 10 cos(i2 + 2Ω2)
)
sin(3ω2)
+
(
24 cos(i2) + 5
(
3 + cos(2i2)
))
cos(3ωs) sin(2Ω2)
)2
−
(
16 exp
(
2
√
m1 +m2
m1 +m2 +m3
(Rp/a3)
3/2
(−√−1 + e22 + arccos(1/e2))(−1 + e2)−3/2)
×R7/2p
(
− 6 sin2(i2) sin(ω2) sin(2ω2)
+ cos3(ω2)
((
1− 10 cos(i2)− 11 cos2(i2)
)
cos2(Ω2) + 4 sin
2(i2)
+ 11 sin2(Ω2)− cos2(i2) sin2(Ω2)− 5 cos(i2) sin(2Ω2)
)
− 5 sin3(ω2)
(
4 cos(i2) cos(Ω2) sin(Ω2) + 2 sin
2(Ω2) + cos
2(i2) sin(2Ω2)
)
+ 5 cos2(ω2) sin(ω2)
(
2 sin(Ω2)
(
2 cos(Ω2) + sin(Ω2)
)
+ 6 cos(i2) sin(2Ω2) + cos
2(i2)
(− 4 cos2(Ω2) + sin(2Ω2)))
+ (1/4) cos(ω2) sin
2(ω2)
(
− 36− 20 cos(i2) + 36 cos(2i2) + 30 cos(i2 − 2Ω2)
+ 15 cos
(
2(i2 − Ω2)
)
+ 90 cos(2Ω2) + 15 cos
(
2(i2 + Ω2)
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+ 30 cos(i2 + 2Ω2)− 30 sin(i2 − 2Ω2) + 30 sin(i2 + 2Ω2)
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×
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a3/(e2 − 1)
)−3/2(
(m1 +m2 +m3)Rp
)−7/2)]
(A1)
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